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Abstract. The long-term effectiveness of the mainly chemotherapy-based control strategy of the World Bank Loan Project
(WBLP) for schistosomiasis control in Chinese hilly and mountainous regions was evaluated with a view to determine the
best road forward. Based on the national database of schistosomiasis prevalence for the periods of 1999-2001 and 2007-
2008 in the People’s Republic of China, a Bayesian regression model was used for spatial comparison of schistosomiasis risk
distribution between two periods taking account of all the potential risk factors simultaneously through two latent compo-
nents of random effects: spatially correlated heterogeneities (CH) and spatially uncorrelated heterogeneities (UH). Four dif-
ferent types of endemic areas were investigated: those that remained endemic despite control efforts (17 or 37.8%), those
that became non-endemic (9 or 20.0%), those that reverted back to endemicity (7 or 15.6%), and those with fluctuating
endemicity (12 or 26.7%). The overall prevalence of schistosomiasis was lower in 2007-2008 compared with that in 1999-
2001, but the spatial distribution of risk remained similar. Compared to 1999-2001, the magnitude and range of risk even
tended to be greater in 2007-2008. UH showed a fluctuating pattern, while CH increased gradually doubling over the two
periods. There was no evidence for long-term effectiveness of the WBLP chemotherapy-based control strategy in this region.
Controlling the effect of UH is still the main aspect of current schistosomiasis control strategy for the hilly and mountain-
ous regions, but innovative methods are urgently needed for effectively controlling UH.
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Introduction
Schistosomiasis is a snail-transmitted trematode
infection that ranks second only to malaria in terms of
human suffering in the world (Steinmann et al., 2006;
Zhang et al., 2009b; Zhou et al., 2010). Great
progress has been made in controlling the oriental
form, schistosomiasis japonica, the People’s Republic
of China(P. R. China), which instituted a successful,
national control programme more than 60 years ago
(McManus et al., 2010; Utzinger et al., 2010; Gray et
al., 2011). The number of infected people was reduced
from 11.6 million in the mid-1950s to less than one
million in 2003, and for infected cattle the correspon-
ding numbers were 1.2 million and less than one mil-
lion, respectively (Zhou et al., 2005a, 2007).
Simultaneously, the area infested by the intermediate
host snail, Oncomelania hupensis, decreased from
14,300 km2 in the mid-1950s to 3,787 km2 in 2003,
but the infested areas have rebounded compared to the
lowest level in 2001 (3,436 km2) (Chen et al., 2002;
Zhou et al., 2005a, 2007).
According to the geography of the endemic areas and
the ecological characteristics of the snail, the endemic
regions in P. R. China have been stratified into three
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types: plain regions with waterway networks, lake and
marshland regions, and hilly and mountainous regions
(Zhang et al., 2008; Yang et al., 2009; Zhou et al.,
2010). Current endemic regions have been largely con-
fined to the lake and marshland regions in the
provinces of Hunan, Hubei, Anhui, Jiangxi and
Jiangsu, and the hilly and mountainous regions in the
provinces of Yunnan and Sichuan (Utzinger et al.,
2005; Zhao et al., 2005; Zhou et al., 2005a).
Transmission of schistosomiasis in the plain regions
with waterway networks, was interrupted long ago
through the snail elimination (Zhang et al., 2009a;
Zhou et al., 2010). According to the latest report of the
national schistosomiasis control programme, only an
estimated 1.3% of the total area remained snail-ridden
with 2% of the population infected in Yunnan and
Sichuan in 2009 (Hao et al., 2010). These low figures
give hope that the hilly and mountainous regions may
become the next areas where schistosomiasis transmis-
sion can be successfully interrupted.
P. R. China has set an ambitious goal for schistoso-
miasis control. Transmission in the hilly and moun-
tainous regions is expected to be interupted by 2015
(Engels et al., 2005; Utzinger et al., 2005; Zhou et al.,
2005a). The current strategy implemented in these
areas remains that developed from the WBLP mainly
chemotherapy-based integrated control from the
1990s. Previous assessment reports concluded that the
WBLP successfully reduced the morbidity of schisto-
somiasis in humans and livestock in those areas
(Zhang and Wong, 2003; Chen et al., 2005), but they
were based on short-term control efforts without con-
sidering the spatial aspects, which raises many queries.
What is the long-term control effect of WBLP on schis-
tosomiasis? What results can we obtain if an evalua-
tion was to be conducted from the spatial point of
view? To achieve the ultimate goals of transmission
interruption and with the aim of sustainable control in
mind, should we switch the morbidity control strategy
to a transmission control strategy in these areas? The
situation remains poorly understood and the questions
are vital for developing an effective strategy for con-
trolling the disease. 
This study aims at assessment of the long-term effec-
tiveness of the WBLP strategy for schistosomiasis con-
trol from the spatial point of view based on data from
the hilly and mountainous regions for the periods of
1999-2001 and 2007-2008. A Bayesian-based regres-
sion model was adopted to compare these two periods
for the spatial distribution of risk with schistosomia-
sis-related risk factors adjusted through two latent
components of random effects: spatially correlated
heterogeneity (CH) and uncorrelated heterogeneity
(UH). The former component is an indicator of all
schistosomiasis-related risk factors with spatial auto-
correlations, e.g. land surface temperature, while the
latter represents the integrated effects of all risk fac-
tors, which are  independent of space such as frequen-
cy of water contact and the like.
Materials and methods
Parasitological data
The WBLP started in Sichuan and Yunnan provinces
in 1992, ceased in Sichuan by the end of 1998 but con-
tinued until the end of 2001 in Yunnan. However, the
control activities in Sichuan, following the operational
plan of the WBLP, continued with funding from the
provincial government (Chen et al., 2005). Thus, both
provinces were subject to the same control activities
until the end of 2001. 
The national schistosomiasis datasets were main-
tained and managed by the Fudan University (former-
ly Shanghai Medical University) before 2004, while
this work has been taken over by the National
Institute of Parasitic Diseases in Shanghai (formerly
the Institute of Parasitic Diseases), Chinese Center for
Disease Control and Prevention (China CDC) since
2005. The parasitological databases for the hilly and
mountainous regions in Sichuan and Yunnan, used in
this study, were kindly provided by the Fudan
University and China CDC. The datasets are county-
based, including information on reported schistosomi-
asis cases and population at risk in each county, and
cover two periods: 1999-2001 and 2007-2008. 
Base map
The county-based, digitized polygon maps of
Sichuan and Yunnan provinces at the scale of
1:250,000 were extracted from an existing national
map. It was used to link the attributed data to estab-
lish a spatial database for schistosomiasis (Zhang et
al., 2008, 2009a, b). During the 10-year study period,
the administrative divisions changed slightly. To keep
the spatial structure of schistosomiasis databases con-
sistent during the study period, the administrative
divisions in 2008 were chosen as the standard spatial
structure, while all the datasets for all other years were
modified accordingly, including merging and splitting
of polygons. Merging was a straightforward move
resulting in adding schistosomiasis data together,
while splitting required re-allocating the data based on
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the spatial proportions of the new polygons versus the
original ones.
Statistical analysis
Firstly, descriptive statistics such as median and
95% confidence interval (CI) were calculated to
describe the basic characteristics of the schistosomiasis
data. Secondly, the study region was classified into one
non-endemic region where no cases had been reported
in any of the periods and four types of endemic regions
as follows:
(i) constantly endemic areas with cases reported
every year covered by the study;
(ii) new or re-emerged areas with no cases reported in
1999-2001 but in 2007-2008;
(iii) new non-endemic areas with cases reported in
1999-2001, but not in 2007-2008; and
(iv) fluctuating areas with cases reported once or
twice in the 1999-2001 period and once either in
2007 or in 2008.
The spatial distribution of these four endemic types
of schistosomiasis areas was mapped out and an over-
lay produced to fit the base map, i.e. the digitized poly-
gon map of the hilly and mountainous regions. Thirdly,
a Bayesian regression model was used to analyse the
area-based relative risk (RR) by treating the schistoso-
miasis-related risk factors sorted as two latent compo-
nents of random effects. These factors were (i) CH, an
indicator of all spatially autocorrelated risk factors
modeled using the conditional autoregressive structure
(AR) (Besag et al., 1991) and (ii) UH, the integrated
effects of non-spatial risk factors such as the frequency
of water contact (with water harbouring infected
snails). The relative magnitude of CH and UH were
analysed with the aim of gaining new insights for
future control strategies. By including all possible risk
factors, the predicted risk becomes increasingly precise.
The idea of this model was first introduced by Clayton
and Kaldor (1987) and further developed by Besag et
al. (1991). Following the example of Lawson et al.
(2003) the risk can be estimated as follows:
Oi ~ Poisson (Ei Θi) (1)
logΘi = α + ci + ui (2)
where Oi and Ei represent observed and expected
schistosomiasis cases, respectively; Θi is the area-based
RR and  the baseline risk assuming the effects of ci
(CH) and ui (UH) = 0. The latter two (ci and ui) are
modeled using the following formulas:
(3)
ui ~ N (0, τ 2u) (4)
where wij is the weight of the neighbour j for area i, wij
= 1 if i and j are neighbours, otherwise wij = 0; τ 2c and
τ 2u are the variance of ci and ui, respectively. 
The Bayesian technique was applied to fit the model.
Parameters τ 2c and τ 2u control the variability of CH and
UH effects, for which prior distributions were speci-
fied using the same vague gamma prior distributions-
Gamma (0.5, 0.0005). For the baseline risk α, the
vague normal prior distribution-N(0,0.0001) was used
for its prior distribution. Two-chain Markov chain
Monte Carlo (MCMC) simulations with 30,000 itera-
tions were run. The first 10,000 iterations were dis-
carded as burn-in and the remaining 20,000 iterations
of both chains were used to summarise and infer the
estimated parameters. The model convergence was
judged by a visual inspection of the time-series plots of
each parameter and by computing the Gelman-Rubin
statistics (Gelman and Rubin, 1992).  Finally, the
changes of the baseline risk α, the variation of UH and
CH, the area-based RR, posterior predicted probabili-
ty of RR >1, the ratio of UH to CH and model resid-
uals were compared and analysed.
Results
The total number of endemic counties with schisto-
somiasis cases fell slightly. The prevalence of schisto-
somiasis in the period of 2007-2008 was lower than
that in the period of 1999-2001, but in each period
there were some signs of rebounding. However, the
level (95% CI) of schistosomiasis prevalence was con-
tinuously reduced (Table 1). Fig. 1 shows that the dif-
ferent types of areas endemic for schistosomiasis were
co-mingled in the middle part of the hilly and moun-
tainous regions with the following distribution: con-
stant endemic areas (17 or 37.8%), new non-endemic
areas (9 or 20.0%), new or re-emerged areas (7 or
15.6%) and fluctuating endemic areas (12 or 26.7%).
The fluctuating regions were all in Sichuan province,
but the new or re-emerged areas appeared in both
Sichuan and Yunnan.  
The baseline risk of schistosomiasis tended to
decrease gradually, except for a large rebound in 2001,
the last year of WBLP activities. The variation of CH
increased gradually and was twice as high in
2007/2008 compared to 1999. However, the variation
( ([ci | cj , i ≠ j, τ 2c ] ~ N Σ cj wijjΣ wijj Σ wijj,
τ 2c
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of UH showed a fluctuating pattern and was strongly
dominated CH at all times (Table 2). Fig. 2 shows that
areas at risk for schistosomiasis (RR >1) were rela-
tively stable spatially between the time periods stud-
ied. In Yunnan, the range and size of risk areas
increased in the period of 1999-2001 but decreased in
2007-2008, while the areas at risk for schistosomiasis
rebounded spatially to a certain degree with a more
dispersed distribution pattern in Sichuan. As can be
seen in Fig. 3, the posterior probabilities were also
higher for the regions where the risk for schistosomia-
sis was higher (RR >1). The UH/CH ratio was rela-
tively large (>1) over the entire time span studied in
the areas with reported schistosomiasis cases with the
magnitude and range even expanding in 2007-2008
(Fig. 4). Residuals of the Bayesian model were all
between -1 and 1. As no outliers were found, the result
is not displayed here (data available upon request). 
Discussion
Previous studies have documented distinct epidemi-
ological and ecological features of schistosomiasis in
the hilly and mountainous regions which are not pres-
ent in other areas such as lake and marshland and
plain regions with waterway networks. For example,
the snail habitats in the hilly and mountainous regions
are typically small and usually scattered over the ter-
rain in separate patches mainly distributed along
ditches, irrigation canals and river systems. The situa-
tion with widely distributed, small Schistosoma japon-
icum transmission foci, rather than continuous endem-
ic areas, renders schistosomiasis control in the hilly
and mountainous regions more difficult to deal with
(Seto et al., 2002; Xu et al., 2004; Gurarie and King,
2005; Liang et al., 2006).
The implementation of the WBLP in 1992 provided
Year N
Min
(10-5)
Q1
(10-3)
Median
(10-2)
Q3
(10-2)
Max
(10-1)
P2.5
(10-5)
P97.5
(10-1)
1999
2000
2001
2007
2008
37
28
34
34
25
5.31
0.91
0.59
0.87
14.39
1.36
0.12
0.21
0.20
0.60
1.49
0.24
0.33
0.05
0.14
1.85
1.22
0.89
0.12
0.27
1.17
0.67
0.60
0.07
0.03
5.31
0.91
0.59
0.87
14.39
1.17
0.67
0.60
0.07
0.03
Table 1. Summary of the prevalence of S. japonicum in the hilly and mountainous regions of Sichuan and Yunnan province, P. R.
China.
Fig. 1. Distribution of the different types of areas endemic for schistosomiasis.
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Year Variable Median SD MC error P 2.5 P 97.5
1999
2000
2001
2007
2008
Overall risk
SD (CH)
SD (UH)
Overall risk
SD (CH)
SD (UH)
Overall risk
SD (CH)
SD (UH)
Overall risk
SD (CH)
SD (UH)
Overall risk
SD (CH)
SD (UH)
0.25
0.03
6.11
0.16
0.04
8.31
0.49
0.04
7.85
0.03
0.06
3.62
0.01
0.06
5.52
0.09
0.03
0.88
0.07
0.20
1.24
0.30
0.05
1.20
0.02
0.22
0.54
0.01
0.12
1.03
0.01
0.00
0.02
0.00
0.01
0.04
0.02
0.00
0.04
0.00
0.01
0.02
0.00
0.01
0.04
0.12
0.01
4.69
0.05
0.01
6.14
0.10
0.01
5.71
0.01
0.02
2.78
0.00
0.02
4.06
0.44
0.13
8.10
0.28
0.73
10.90
1.05
0.19
10.30
0.08
0.81
4.87
0.04
0.49
8.08
Table 2. Parameter estimates of the Bayesian model.
Fig. 2. Predicted relative risk distribution according to the Bayesian model.
Note: SD = standard error;  UH = uncorrelated heterogeneity; CH = correlated heterogeneity;  MC error =Monte Carlo error.
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a new impetus for schistosomiasis control resulting in
a spectacular reduction of both prevalence and inten-
sity of infection, both in humans, cattle and water buf-
faloes (Ross et al., 1997; Zhang and Wong, 2003;
Chen et al., 2005). After the programme was termi-
nated however, there was a shortfall of financial
resources required to maintain the achievements
made, let alone making further progress (Chen et al.,
2005; Zhao et al., 2005; Liang et al., 2006).
Researchers soon discovered rebounding schistosomi-
asis in the hilly and mountainous regions, including a
re-emergence in areas where transmission had previ-
ously been interrupted (Engels et al., 2005; Liang et
al., 2006; Yang et al., 2009). Hence, the sustainability
the WBLP model of schistosomiasis control was
repeatedly questioned (Utzinger et al., 2003, 2010;
Zhang et al., 2009b; Seto et al., 2011; Zhou et al.,
2011). To date, two studies have discussed the short-
term impact of the WBLP on schistosomiasis preva-
lence, intensity and control (Zhang and Wong, 2003;
Chen et al., 2005), but we have not seen any studies
concerning the long-term implications of the WBLP.
To our knowledge, this is the first study evaluating the
long-term control effect of WBLP in the hilly and
mountainous regions.
To accurately predict the risk of schistosomiasis, all
potential risk factors needed to be included in the
model. However, putting all risk factors in one model
is impractical because either the necessary datasets are
not available or the disease mechanisms are not com-
Fig. 3. Distribution of posterior probability of RR >1 according to the Bayesian model.
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pletely clear (Malone et al., 2010; Magalhães et al.,
2011; Spear, 2011). To avoid this, we used a Bayesian
model in with representation of the random effects of
all the possible risk factors related to schistosomiasis
sorted into two groups, one consisting of spatially cor-
related heterogeneity and one concerning spatially
uncorrelated heterogeneity. The snail is the most con-
trollable factor, which is in correspondence to the tra-
ditional transmission control strategy of schistosomia-
sis in P. R. China. UH is an indicator of the combined
effect of human behavioural factors such as frequency
of water contact, personal protection, health educa-
tion, etc. all have a bearing on the role of the snail.
The chemotherapy-based morbidity control strategy is
a parallel control approach (Clayton and Kaldor,
1987; Besag et al., 1991; Lawson et al., 2003). Thus,
by analysing the relative magnitude of CH and UH,
we were able to obtain some insight that could prove
important in the planning of an improved strategy to
control schistosomiasis. Also, by taking CH and UH
into consideration as means of adjusting the unmea-
sured risk factors of schistosomiasis, the predicted
schistosomiasis risk becomes more precise.
It was found that the prevalence of schistosomiasis
was confined to a narrower range between the two
study periods, and only small variations were
observed. The overall endemic level in the hilly and
mountainous regions was reduced in the period of
2007-2008. The main strategy of the WBLP was to
control morbidity due to schistosomiasis, which is
Fig. 4. Spatial distribution of the uncorrelated heterogeneity (UH) to the correlated heterogeneity (CH) ratio.
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reflected by the changes of UH investigated in this
study. Continuous drug treatment in the schistosomia-
sis risk regions should theoretically promote a trend
towards homogenous UH values, i.e. the variability
should continue to decline. Compared to 1999-2001,
UH did indeed fall in 2007-2008, but fluctuated with-
in each period and rebounding strongly in 2008
almost reaching the level of 1999. This suggests that
the long-term effect of the chemotherapy-based con-
trol strategy may not be stable. There may be multiple
reasons for this, including decreased funding, lack of
coordination between the health, agriculture and
water resource sectors, increased cattle/human mobil-
ity through trading/traveling, construction of addi-
tional irrigation projects, among others (Wang et al.,
2004;  Liang et al., 2006; Yang et al., 2009).
The value of CH tended to continuously increase.
There is a possibility that the effect from the interme-
diate host snail continues increasing all the time
although its absolute size was largely smaller than UH
(Liang et al., 2006). This reflects well the limitation of
the WBLP control strategy, which treated snail control
only as a complementary strategy. Besides, the
rebound of the schistosomiasis epidemic in each peri-
od, the re-emerging or new endemic areas and the con-
siderable fluctuation in the schistosomiasis regions in
the second period of 2007-2008 also suggest that the
effect of WBLP control strategy cannot be sustained
for the long term. 
The areas at risk for schistosomiasis predicted by
aBayesian model were spatially relatively stable and
continue to be so. Although the WBLP strategy in the
endemic areas in the hilly and mountainous regions
resulted in a reduced magnitude of the prevalence of
schistosomiasis, it failed to effectively reduce the
extent of the endemic areas. Based on previous experi-
ence (Chen et al., 2005; Zhao et al., 2005; Zhang et
al., 2009b; Zhou et al., 2010, 2011), transmission
must also be curtailed and the only way to achieve that
is to increase the emphasis on snail control. From the
spatial distribution of the UH/CH ratio, it is clear that
UH dominated current control activities in the schis-
tosomiasis risk regions. Thus, the progress achieved
underlines the need to reduce UH in the hilly and
mountainous regions. Moreover, the areas at risk for
schistosomiasis dominated by UH expanded, suggest-
ing that the effectiveness of chemotherapy-based con-
trol strategy from WBLP had declined. At the current
stage, it is most important to reduce the effect caused
by UH in order to progress in controlling schistosomi-
asis at the same time as new innovative control strate-
gis are contemplated. For example, Wang et al.
(2009a, b) proposed a newly integrated control strate-
gy aiming at reducing the roles of humans, cattle and
water buffaloes as snail infection sources. This may be
an alternative way to further control the transmission
of schistosomiasis. However, there is a concern that it
cannot interrupt the schistosome life cycle because
there are more than 40 different, definitive hosts that
can become infected by S. japonicum (Zhou et al.,
2005b; Wang et al., 2006). Clearly, it would be possi-
ble to stop schistosomiasis transmission by eliminating
its sole intermediate host. However, there is evidence
that the schistosome life cycle can be effectively
interupted already by reducing the number of snails,
e.g. the threshold value for the transmission (Tanaka
and Tsuji, 1997; Chen et al., 2005).
Conclusion
The long-term control effect of the WBLP’s schisto-
somiasis control strategy in the hilly and mountainous
regions is unstable, underlining the need for develop-
ing an improved strategy. Controlling UH remains the
main aspect of schistosomiasis control strategy for the
consolidation of the achievements made previously in
these areas. Since the chemotherapy-based, integrated
control strategy has been shown to be unable to break
the transmission cycle, novel approaches are urgently
needed. Innovative snail control measures are also
needed to reduce the CH effect and prevent it from
becoming a major factor in areas at risk for schistoso-
miasis in future.
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